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ABSTRACT 
 
 
 
Self-healing has potential to extend the usable lifetime of composite materials. Introducing 
self-healing systems to fiber reinforced composites has proven to be difficult due to the high 
temperatures and pressures of processing as well as the requirement that the delivery scheme for 
the healing agent must exist in the interstitial regions between fibers. Additionally, assessment of 
self-healing performance for composites poses a challenge as many damage modes occur during 
composite failure including matrix cracking and fiber-matrix debonding.  
In this thesis, a tow-level model composite test is developed with a view towards 
simplifying characterization and improving understanding of capsule-based self-healing in fiber 
reinforced composites. The tow-level test is intended to allow for testing of potential healing 
without requiring manufacture of a complex composite panel. A modified compact tension is 
developed with a carbon fiber tow running orthogonally to the advancing crack plane. Initial 
testing of a non-healing control system reveals that the tow can survive crack propagation and that 
debonding of the matrix and tow occurs. Additionally, the size of the debonding damage correlates 
to the magnitude of energy released.  
 Healing studies utilized a phase-separated thermoplastic-epoxy matrix with solvent filled 
microcapsules.  Initial reference tests with the matrix but no microcapsules showed high healing 
efficiency of over 100% when the solvent was injected manually. However, no mechanical healing 
response could be observed when microcapsules were incorporated to deliver healing agent to the 
crack. Attempts were made at altering the healing agent delivery scheme as well as the healing 
conditions to increase healing response, but no combination of conditions was shown to be suitable 
for self-healing to occur.   
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1 CHAPTER 1  
 
INTRODUCTION 
 
 
 
Fiber reinforced composites have desirable and tailorable properties, but pose challenges 
in detecting and repairing damage. Self-healing has been proposed as a solution to autonomically 
repair damage as it develops in composites. For self-healing to be used in engineering materials, 
the ability to repair damage must be measurable and predictable in any composite design.  
1.1 Composites and Failure 
 
Composites are a unique class of materials that are characterized by multiple chemically 
distinct constituent components. Composites serve to blend the desirable properties of a variety of 
materials. For example: carbon fiber paired with epoxy combines the low weight and high stiffness 
of carbon fiber with the relative toughness and adhesive properties of epoxies. These carbon fiber 
composites have become ubiquitous in many industries, including aerospace, automobiles, and 
sporting goods.  
Carbon Fiber Reinforced Polymer (CFRP) composites are complex as they combine 
millions of micron-scale carbon fibers held together by a polymer (typically a thermoset like 
epoxy) matrix. These fibers are organized into bundles called tows. When many tows are aligned 
or woven, a lamina is formed. Many laminae can be layered together to make a laminate, or the 
familiar form of a composite material. The way these tows, laminae, and laminates are aligned, 
stacked, and oriented has great influence on the properties of a composite [1]. In this way, 
composites can be designed from the microscale to obtain a specific set of desired macroscale 
properties.  
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The complexity in CFRP microstructure leads to easily formed small-scale damage [2]. 
The interface between the carbon fibers and the matrix is particularly susceptible to fracture, 
especially in cases where the load is not aligned with the fibers. Another common nucleation site 
for cracks is in the stress concentrations formed in the epoxy between carbon fibers. Larger scale 
damage also tends to form in the inter-laminar regions causing delamination where laminae split 
apart. Accumulation of these damages eventually leads to composite failure.  
This work will focus on the small-scale interfacial debonding damage mechanism that can 
lead to more catastrophic damages. Understanding of debonding is an important building block to 
predicting why and when composites begin to fail. 
1.2 Self-Healing Composites 
 
The growth of damage from small scale to large gives rise to the idea of self-healing 
composites. If the small cracks are autonomously healed, the onset of large cracks and part failure 
can be delayed increasing the lifespan of a part and reducing the cost of repairs and replacements. 
To date, self-healing efforts have focused on repairing matrix cracking, rather than attempting to 
repair damage to fibers.  
1.2.1 Capsule Approaches 
 
An early developed approach for healing CFRPs involves the inclusion of small carriers of 
active material called microcapsules [3]. Microcapsules are micron-scale polymer beads 
containing liquid core that can be incorporated into composites in large regions between woven 
tows or incorporated between laminae. More recent approaches have used a fiber sizing process to 
apply capsules directly to the surface of fibers which results in capsules resting at the interstitial 
locations between individual fibers [4].  
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Several mechanisms have been developed for healing epoxy cracks with several different 
microcapsule schemes, including: Capsule-catalyst, Multicapsule, Latent Functionality, and phase 
separation [4] [5]. In the capsule catalyst scheme, capsules contain a self-reacting core that 
activates in the presence of a catalyst that is dispersed in the matrix, thus ensuring reactions do not 
occur until the capsule core is released by a crack. A common example of this mechanism was 
originally proposed by White et. al. and uses dicyclopentadiene (DCPD) and Grubbs catalyst [3]. 
Multicapsule systems isolate the two halves of a chemical reaction in different capsules. Once both 
capsules are breached, the cores mix together, activate, and solidify [6]. Latent functionality uses 
unreacted active groups in the matrix polymer to either initiate or participate in reactions with the 
capsule core [7]. The fourth classification is a phase separation approach where one component of 
the healing reaction is isolated as a phase, separated from a fully cured thermoset [8]. This phase 
can be either chemically active, or more simply a non-thermosetting polymer that can reorganized 
in the presence of a liquid core.  
1.2.2 Vascular Approaches 
Microcapsules have two obvious and significant limitations. First, capsules contain only a 
finite volume of healing agent. If the damage that occurs is too large, capsules will not be able to 
heal it. Second, capsules are single use. Once a capsule has delivered its core to heal a damaged 
area, it is unable to ever do so again [4]. To overcome these limitations, vascular systems have 
been developed to mimic biological circulatory systems.  
In a vascular approach, a hollow architecture is created inside of a material [9]. Active 
healing agents can be delivered through this architecture until the damage is completely healed 
[10]. Sophisticated 2 and 3-dimensional networks can ensure that nearly any cracking condition is 
capable of being healed [11]. Once the vascular network has been created, active healing agents 
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can be delivered from large external reservoirs via external pumping. By utilizing the large 
reservoir and flowing liquids, both the damage scale and single use limitations of microcapsules 
can be overcome.  
1.2.3 Motivation for Selecting a Microcapsule Scheme  
This work uses a phase separation/microcapsule approach to self-healing. The primary 
motivations for using capsules are that no fully autonomous vascular system has yet been 
developed and that microcapsules can more accurately target specific damage regions thorough 
localized incorporation of microcapsules. In this work, an attempt is made at isolating interfacial 
damage between carbon fibers and epoxy by including capsules as a fiber sizing.  
1.3 Mechanics Overview 
To understand the healing of composites, first the fracture behavior of materials in general 
must be analyzed. Several approaches have been used for describing the fracture of materials by 
identifying fracture criterion that describe under which loading conditions a material will crack. 
This work focuses on two common criteria, K1c and G1c, both of which parameterize when a 
material will fail given certain loading conditions.  
Fracture in composites is not as neatly defined as it is for traditional single constituent 
materials due to the interactions between the different components. In a composite, it is common 
for one component to act as a toughening agent that prevents cracks from growing in the other. 
This is frequently the motivation for creating composites with ceramic matrices, but it is also true 
of cracks growing perpendicular to fibers in CFRPs. 
1.3.1 Fracture Criteria 
K and G are two common parameters for analyzing fracture behavior in materials. For neat 
materials, the critical values K1c and G1c are predictors of when a flawed material will fracture. K 
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is a stress intensity factor determined by the stress state of the material as well as the geometry of 
the existing crack [12].  
 𝐾 = 𝜎√𝑎  (1.1) 
Where 𝜎 is stress and a is a one-dimensional length of the crack. Critical stress intensity is 
measured by the peak stress before fracture propagation. A limitation of K1c as a fracture parameter 
is that it requires knowing the exact size of the crack at the exact moment of peak load. For 
materials that fail plastically (non-linearly), it is not always possible to take both measurements 
simultaneously. Additionally, if the fracture is non-linear, the onset of crack growth may occur 
before K1c, limiting its effectiveness for predicting failure.  
The G parameter can be predicted from K by:  
 𝐺1𝑐 =
𝐾1𝑐
2 (1−𝜈2)
𝐸
 (1.2) 
Where E is elastic modulus and 𝜈 is Poisson’s ratio.  
More importantly, G measures cracking behavior by the energy released during a cracking 
event [13]. G is the energy that is released when a crack grows a specific two-dimensional area A. 
For a strain controlled test, G is defined by:  
 𝐺 =
∫ 𝑃𝑑𝑢
Δ𝐴
 (1.3) 
Where P is load, u is displacement, and A is the newly created crack area. Experimentally, G is a 
very useful parameter as it is independent of the specifics of the geometry other than the initial and 
final states of the crack. It also allows for easy measuring of non-linear fracture behavior. The 
exact shape of the crack during growth can be ignored and simple integration will yield the desired 
fracture information.  
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1.3.2 Experimental Considerations and Calculations 
Because stress intensity is influenced by the geometry at the crack tip [14], it is important 
to attempt to control that geometry. Sharp crack tips are introduced by either wedge opening the 
crack or using oscillating loads in fatigue. Of these two procedures, fatigue cracking is more 
carefully controlled, but also a slower process. For polymer epoxies, tapping a razor blade to create 
the wedge opening is generally sufficient as described by ASTM D5045.                                                      
1.3.3 Fracture Toughening Mechanisms 
K and G are both measures intended for analyzing neat materials – that is materials with a 
single continuous structure. Additional considerations must be taken when inhomogeneities are 
introduced to the material. Particularly, fiber reinforcement has been shown to significantly reduce 
the stress intensity at the crack tip when fiber bridging and debonding occur [15].   
1.4 Mechanical Characterization of Healing 
There are many traditional experiments to measure the fracture toughness of materials and 
certify materials for engineering design. None of these experiments were designed with the idea 
of a self-healing material in mind. Due to this fact, careful selection of test procedures as well as 
the development of new measurement parameters is required.  
1.4.1 Healing of Matrix Materials 
One method for measuring fracture toughness is the compact tensions specimen [4]. A 
compact tension specimen is orthorhombic and loaded in the mode I condition using pins that are 
separated by a sharp tipped pre-crack [16]. To calculate K from a compact tension specimen, the 
dimensions of the specimen, including the precise crack length must be known. Typically, G1c is 
then predicted from the measured value of K1c, but it is also possible to find G1c from 
measurements of energy release if the crack can be measured both before and after propagation.  
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Another robust measurement technique for self-healing of matrix materials found in 
literature is the Tapered Double Cantilever Beam [17]. The TDCB test creates a zone of constant 
stress intensity [18]. Any crack within this zone will use the same conversion between peak load 
and stress intensity to determine K1c. This is very useful as it means that once the samples are 
calibrated, they can be analyzed very quickly, even for multiple data points from the same sample. 
However, the constant K property of the TDCB geometry fails for composites. When any 
discontinuity or anisotropy is instated, the calculations change. Even adding small numbers of 
fibers or tows will change the way stress intensity is calculated in a TDCB. This means that other 
tests must be used for modeling composites or measuring the toughness of full parts.  
1.4.2 Healing of Model Composites 
Several tests have been developed to model certain types of fracture in composites. 
Typically, model composites measure the strength of bonding between the matrix material and the 
reinforcement fibers. Pull-out [19] and pushout [20] tests have both been used for measuring the 
strength of these interfaces. 
Pull and push-out tests are conducted as their titles would suggest – fibers are removed 
from matrix materials either by pulling or pushing. As an example, the microbond specimen is a 
pull-out style test for measuring interfacial shear strength. A bead of matrix material is deposited 
on a single fiber. The bead is held in place by a narrow aperture and the fiber is pulled until 
debonding occurs. The fibers can be coated with microcapsules, or have healing agent applied 
externally to measure the repair of the damaged interface [21].  
When a composite fails, debonding between reinforcements and matrix is not the only 
damage mode, and all others are neglected in this type of test. Additionally, microscale mechanics 
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of composites are characterized by interactions between fibers and how all the different 
components influence each other. In a single-fiber test, these interactions are non-existent.  
1.4.3 Healing of Composites 
While single fiber tests mark one extreme for testing the failure of composites, testing of 
entire composite components lies at the other. The premise of full composite testing is simple – to 
understand what a part will do in specific loading situations; the entire part must be tested.  
The double cantilever beam (DCB) is one test for measuring composites [22]. The DCB targets 
interlaminar strength by introducing a crack between laminae and pulling on the loose ends. While 
interlaminar fracture is targeted, fibers also debond and pull away from the matrix in some systems. 
One way of doing self-healing tests in DCB specimens is by introducing a healable layer between 
laminae [23]. Alternatively, vascular healing schemes have been used by weaving channels 
through the predicted fracture plane to pump in a healing agent [24].  
Fatigue life extension is a practical way of measuring healing in composites [25]. 
Accumulation of fatigue damage is a common mechanism for failure in composites, and self-
healing is a method for delaying catastrophic failure by repairing the small cracks that nucleate 
during cyclic loading. Fatigue life extension experiments directly measure this ability of a self-
healing scheme.  
Another mechanism for measuring healing performance is the strength after impact 
strategy [26]. Composites typically are designed for use in low impact situations (or in some cases, 
to disintegrate upon impact). This is because they tend to rapidly accumulate damage during 
impact situations [27]. Vascular healing has been shown to provide the large quantities of healing 
agent required to restore the tensile strength of a composite after delamination and matrix cracking 
have been introduced by impact [28].  
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Each of these tests is useful for measuring how composites fail. However, each uses a 
single metric for describing the ultimate failure of an entire composite. None can differentiate any 
of the specific failure modes, nor is any knowledge gleaned about the influence of any single 
failure mechanism. It is unknown whether fracture or healing occurs at interfaces, in matrix 
regions, between plies, or what specific combination of healing effects is occurring.  
1.5 Tow-Level Model Composites 
Existing in between single fiber model composites and full composite testing is the tow-
level test. Tow-level testing involves placement of a single fiber tow in a relatively large quantity 
of matrix. In literature, relatively few publications address testing model composites at the tow 
level, and only one prior example of single tow healing has been found.  
1.5.1 Motivations for Tow-Level Testing 
Tow level testing is simply a balance between full composite testing and single fiber 
experiments. It introduces complex interactions between fibers that are realistic to full composite 
specimens. However, limiting the number of fibers allows for some narrowing of the focus to 
individual damage modes. The tow level finds the balance point between isolating a failure 
mechanism and creating a testing situation realistic to full composites.  
Tow level testing has the additional advantage of bypassing expensive composite 
manufacturing techniques. Tow level samples can be made at smaller expense than full composite 
specimens. They can be smaller – thus using less material than a full specimen.  
1.5.2 Tow-Level Model Composites in Literature 
Early work in compact tension based composites was conducted by the Botsis group who 
did both an experimental and analytical analysis of a compact tension specimen with evenly spaced 
rows of Kevlar fiber tows [29] [30]. These experiments showed that crack propagation through the 
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network of fibers exhibits fiber bridging behind the crack front and crack pinning at each row of 
tows. In these samples, catastrophic failure was observed when the fibers broke or the crack 
deflected to travel along one of the rows of tows.  
The idea of using fibers to arrest cracks was expanded upon by Jones [31]. Glass fiber tows 
with low fiber counts and single tows instead of rows were used to prevent the catastrophic failure 
observed in the Botsis group study. Healing was observed using resin-solvent healing chemistry 
and low Tg epoxy system. 
Other examples of testing tow level specimens have been observed in literature. Double 
cleavage drilled compression specimens with tows aligned with the predicted crack plane [32], a 
cruciform test with many discrete fibers [33], and a notched tension test with a fiber tow aligned 
in the loading direction [34] have all been examined. However, none of these experiments have 
been used to study healing.  
1.6 Proposed Sample Geometry  
In this work, the modified compact tension sample geometry is developed into carbon fiber 
reinforced high Tg systems. A single tow will be used to study the energetic response of debonding. 
Self-healing will be studied by incorporating microcapsules into the tow and the matrix.  
  
11 
 
2 CHAPTER 2 
MODEL COMPOSITE FRACTURE SPECIMENS FOR EVALUATION OF DAMAGE 
 
This chapter describes an investigation of fracture behavior and properties in a modified 
compact tension model composite. Specimens were designed to increase throughput by 
minimizing the amount of material used and to maximize survivability of the carbon fiber tows. 
Additionally, the mechanical testing equipment and techniques are characterized to ensure 
agreement with existing theory and standard practices. Finally, a method of damage indication was 
developed to study the modes of fracture damage present in these samples.  
2.1 Materials and Fabrication 
The initial evaluation and characterization of the CT based model composite uses the 
Aradur/Aradlite LY 8605 epoxy system produced by Huntsman. The epoxy is paired with unsized 
AS4C carbon fibers manufactured by Hexcel. The samples were cast into their final shapes in 
poly(dimethyl siloxane) mold.  
2.1.1 High Tg Epoxy System 
The Huntsman Aradur/Aradlite LY 8605 epoxy system is a diglycedial ether of Bisphenol 
A. It is a proprietary blend of a bisphenol A epoxy resin and butanedioldiglycidyl ether hardened 
by 2,2'-dimethyl-4,4'-methylenebis(cyclohexylamine).  
8605 was selected because it has a high glass transition temperature (Tg), and it is optically 
transparent. High Tg is characteristic of polymers used in high-performance aerospace applications 
and ensures retention of mechanical stiffness at temperatures below the Tg. Optical transparency 
is important at the early stage of test development as it allows for avenues for examining the 
internal damage in the specimens.  
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Another advantage of 8605 is that it is a common, industrial material that has well cataloged 
properties. A summary of the relevant properties is shown in Table 2.1. 
Table 2.1: Mechanical properties of 8605. Modulus and poisson's ratio were determined by tensile 
DIC experiments, fracture toughness by TDCB, and Tg by DMA. 
8605 Epoxy Mechanical Properties 
E (GPa) 2.38  
ν 0.43 
KIc (Mpa√m) 0.72 
Tg (°C) 153 
 
2.1.2 Carbon Fiber Tow 
The carbon fiber tows used in this study were Hexcel HexTow AS4 unsized 3k fiber tows. 
Some of the known properties of these tows are describe in Table 2.2. AS4 indicates the “standard” 
fibers manufactured by Hexcel. A 3k (3000) fiber tow is the smallest size available and gives the 
most flexibility in design. The unsized fibers are a requirement for the self-healing that will be 
discussed in a later chapter, but also serve to reduce the interfacial shear strength (IFSS) between 
fibers and matrix which promotes debonding – one of the required fracture mechanisms to simulate 
the complex damage modes in composites.  
Table 2.2: Relevant mechanical properties of AS4 carbon fibers as designated by the 
manufacturer. 
Longitudinal mechanical 
properties of AS4 Carbon Fiber 
E (GPa) 231 
Elongation at Failure 1.8% 
Tensile Strength (MPa) 4,619 
 
 
 
 
13 
 
2.2 Specimen Design 
 
The test specimens were designed based of the ASTM E399 and D5045 compact tension 
geometry. The chosen dimensions are a balance between making the samples as small as possible 
and still allowing for large enough damage areas that macroscale healing could be measured. A 
crack stop and carbon fiber tow were added to the classic geometry.  
2.2.1 Miniaturized Compact Tension Specimen 
 
Specimen dimensions are indicated in Figure 2.1. These dimensions were chosen based on 
the geometry used by the Wudl group at UCLA [16]. They follow the ASTM rules of 
𝐵, 𝑎, (𝑊 − 𝑎) > 2.5(𝐾1𝑐/𝜎𝑦)
2. To ensure plane strain conditions, 𝑊/𝐵 = 2 is also 
recommended. Because of the limited yield behavior shown by 8605 and a desire to magnify the 
effect the carbon fibers had in the model composite, W/B was selected to be 4. This alteration was 
made possible by the limited yielding that 8605 shows before ultimate failure in tensile tests. 
(𝐾1𝑐/𝜎𝑦)
2 estimates the size of the plastic zone that dominates failure in plain stress conditions. 
𝜎𝑦 = 𝜎𝑈𝑇𝑆 the plastic zone of 8605 can be estimated to be 0.3mm. With a specimen thickness (B) 
of 6mm, the plastic zone is a sufficiently small proportion of the sample to ensure accurate plain 
strain results.  
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Figure 2.1: Dimensions in millimeters of small compact tension specimens used for this study. 
Out-of-page thickness is 6mm. 
After selecting sample dimensions, calculating fracture toughness from a CT test is 
relatively straightforward.  
 𝐾𝑄 = (
𝑃𝑄
𝐵𝑊1/2
) 𝑓(𝑥)  (2.1) 
Where 
 𝑓(𝑥) =
(2+𝑥)(0.886+4.64𝑥−13.32𝑥2+14.72𝑥3−5.6𝑥4
(1−𝑥)3/2
 (2.2) 
Where 
𝑃𝑄 = Peak Load (kN) 
𝐵 = Specimen Thickness (cm) 
𝑊 = Specimen Width (cm) 
𝑎 = Crack length (cm, measured from center of pins) 
𝑥 = a/W 
 Because the specimen geometry was already selected such that the test would be a valid 
plane strain measurement, we know assume 𝐾𝑄 = 𝐾1𝑐.  
 It was verified that the K1c measured in these experiments was valid by comparing it to K1c 
values measured by standardized tests. A single edge notch beam (SENB) specimen (ASTM 
D5045) and a tapered double cantilever beam as described by Brown et. al. (2002) were used. The 
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K1c predicted by the small compact tension specimen agreed well with the values measured by 
other tests. 
 
 
Figure 2.2: K1c of 8605 as measured by two standardized test methods and compared to the small 
CT samples used in this work. The CT specimens accurately measure K1c for 8605. 
 
 Finally, it was verified that an integration approach was valid for measuring G1c. G was 
predicted using a plane strain approach and compared to the integrated energy release. It was found 
that an assumption of linear elasticity allowed for approximating a perfectly displacement 
controlled test. Additionally, it was found that the diameter of the crack stop had to be included in 
the final crack length to account for the zero traction on the crack plane in that region. Once these 
approximations were made, the measured energy release and that predicted by G1c agreed quite 
well. For completeness, the energy predicted by plane stress was also calculated and agreed with 
the unadjusted integrated area. 
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Plane Strain Plane Stress Integration Adjusted Integration 
G1c = (1-ν2)K1c /E G1c = K1c /E 
 
 
 
Figure 2.3: Methods of calculating G1c and their results for 8605. The plane strain and plane stress 
methods are conversions from measured K1c, and integration methods depict the area included as 
released energy in a test. The plane strain and adjusted integration approach find the same G1c as 
expected for a displacement controlled plane strain experiment.  
2.2.2 Model Composite 
 
Two modifications were made to the compact tension specimen to better model composite 
behavior and become useful for self-healing. First, a crack stop was introduced to ensure that the 
samples could be returned to their original configuration after a fracture event. The crack stop is 
centered 5mm from the base of the sample to provide as much room as possible for crack growth, 
while still leaving enough material to provide strain energy to close the crack. The location of the 
crack stop was also influenced by cracking behavior in the model composite as will be discussed 
later.  
Second, a carbon fiber tow was inserted into the sample normal to the crack plane 4mm 
from the crack stop (15 mm from the loading axis). The tow was packed in a flat shape with the 
long edge parallel to the crack front. This tow packing was selected to promote fiber-matrix 
debonding and will also be covered in section 2.4. 
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Figure 2.4: Dimensions in millimeters of model composite specimens used for this study. Out-of-
page thickness is 6mm. 
2.2.3 Specimen Fabrication 
 
Samples were fabricated using a molding process. First, poly(dimethyl siloxane) molds 
were created using the RTV630 system purchased from Momentive cured in machined stainless-
steel master molds and cured at 80°C for one hour. This process created two half molds that could 
be joined together to form one full mold. The crack stop was drilled into the specimen using a 
1/16-inch (1.59mm) bit in a drill press. 
The shape of the tow could be controlled by how it was placed in the specimen. Three tow 
shapes were examined. First, a flat tow with its length perpendicular to the crack front could be 
created by tensioning a tow over the flat mold faces. Circular tows were manufactured by laser 
cutting groves into the molds and using the grooves to guide the tow. Finally, flat tows with length 
parallel to the crack front were created by slicing the mold with a razor and placing the two in the 
slice.  
2.3 Experimental Setup and Analysis 
 
The mechanical testing competed on these model composites was conducted under quasi 
static conditions on a custom-built rail frame. Strain and crack length measurements were obtained 
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by taking photographs and using image analysis techniques. The specific parameters and 
equipment used in the experiments is described in this section. 
2.3.1 Testing Equipment 
 
A parker model 091-6079 rail frame driven by a zeat83-135-mo compumotor were used 
for all mechanical testing in this study. Load measurements were taken on Futek LSB300 (50lbs 
capacity) and National Scale Technology TI2000s (300 lbs. capacity, used for self-healing 
experiments) load cells. Both cells were calibrated using 1kg masses. Data from the load cells was 
interpreted by LabVIEW and a National Instruments BNC-2110 Data Acquisition (DAQ) device. 
All data was stored on a Seagate ST500DM002 hard-drive.  
 
Figure 2.5: Test apparatus for mechanical experiments. 
Displacement and crack length measurements were obtained by taking photos of the 
sample and loading pins using Point Grey Grasshopper3 (monochrome versions) cameras. For pin 
tracking, a Nikon AF Nikkor 50mm lens with a 5mm extension tube was used. A Nikon AF Micro 
60mm Lens with 5mm extension tube was used for crack tracking measurements.  
The pin displacement was measured using pin tracking. The pins were colored to have high 
contrast with their surroundings, and the ensuing images were passed through a threshold filter. 
The distance in pixels between the center of mass of the two pin regions was calculated and pixels 
were converted to real distances using a calibration image that was taken each day before testing.  
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2.3.2 Experimental Parameters 
For all experiments a quasi-static machine loading rate of 5 µm/s was used. Due to 
elasticity in the machine parts, the real loading rate on the sample was marginally smaller. All 
experiments were conducted at room temperature (ca. 21 °C). Load data was smoothed by 
averaging 25 signals and recorded every 1/10 second (10 hz). Crack length images were taken 
every other second (0.5 hz) and pin tracking images every 0.3 seconds (3.3 hz). The frequency of 
the displacement images was driven by how quickly the images could be written to the hard drive.  
2.4 Fracture Testing and Observations of Crack Behavior 
Fracture of the model composites involved crack pinning at the tow followed by fiber-
matrix debonding as the crack proceeded to the crack stop. This crack propagation occurred 
without tow failure 
2.4.1 Crack Behavior in Model Composites 
The cracking behavior of the model composite agreed well with that described in literature 
for crack pinning. The pre-crack extended until it contacted the tow. Upon loading, pinning 
behavior was observed where the portion of the crack in contact with the tow remained stationary, 
but the crack did grow along the edges of the sample. After further loading, the crack jumped past 
the tow and reached the crack stop. The test was complete when the entire crack front had reached 
the crack stop. This behavior is shown schematically in Figure 2.6 and a characteristic load-
displacement curve is also shown.  
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Figure 2.6: Left- Schematic of crack front propagation showing pinning at the fiber tow and 
propagation to crack stop. Right- Representative mechanical response for the pinning and 
debonding crack behavior. 
2.4.2 Indications of Tow Survival 
 
The tow must survive the cracking process to facilitate debonding along the interface. 
There were several indications that tow survival occurs during testing of this model composite. 
First, during experimentation, catastrophic tow failure is a loud audible process, and the sound of 
crack propagation when the tow did and did not fracture were noticeably different. Also, more 
energy was released when the tow failed than when it did not, as seen in Figure 2.7.  
 
Figure 2.7: Plot of energy release in 8605 model composites dependent upon tow failure. 
Significantly less energy is released when the tow survives fracture testing.  
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Additionally, carbon fiber carries most of the load in composites. When the tow does not 
fail, even in the case of debonding, it continues to carry load. In the case of tow survival some load 
is released on fracture propagation due to matrix cracking and debonding, but load drop is not very 
large. Conversely, when the tow fails, the only source of stiffness in the sample is the 4.25 mm 
region of matrix material behind the crack stop. The load corresponding to this region after a 
fracture propagation event never exceeded 20N. As such, any sample that had load reduced below 
20N during loading (after fracture propagation) was deemed to have a failed tow and discarded.  
 
Figure 2.8: Typical load displacement curves for model composites with (left) and without (right) 
tow failure. Load drop is much greater when the tow fails. 
The final piece of evidence of tow survival was direct observation of the tow after fracture 
propagation. Intact carbon fibers can clearly be seen in the crack opening (indicated by dotted 
lines).  
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Figure 2.9: optical image of open crack in an 8605 model composite. Intact carbon fiber tow can 
be seen between the crack faces. 
2.4.3 Impact of Specimen Geometry 
 
Once it was determined that the tow could survive, an exploration of some of the factors 
that influence the survival of the tow was conducted. First, it was discovered that the shape of the 
tow had a significant impact on cracking behavior. More tows survived the shorter the tow was in 
the direction of crack propagation. This meant that of the three available tow shapes, the flat-
parallel tow had the highest probability of showing tow survival. Flat-perpendicular tows survived 
ca. 30% of the time, round tows ca. 50% and flat-parallel ca. 90%.  
 
Flat-Perpendicular Round Flat-Parallel 
   
Figure 2.10: Optical micrographs of fiber packing in three different tow arrangements. Crack 
propagation is downward in all images.  
Another important factor in tow survival was the placement of the crack stop. When the 
crack stop was placed closer to the tow, survival increased. However, moving the stop closer to 
the tow also introduced problems. First, if the crack stop and fiber tow were right next to each 
other, it would not be possible to tell if the crack had grown past the tow. It would also minimize 
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the effect of matrix cracking to study almost pure debonding. Moving slightly further from the 
crack stop allowed crack growth along the sample edge (from pinning) to reach the crack stop. For 
materials that are not transparent, this is a problem as it would not be possible to determine in situ 
whether the crack had fully propagated to the crack stop. The crack stop placement of 5 mm from 
the sample base balanced these issues – it allowed tow survival as well as guaranteed that sample 
edges could be used to determine if the crack had grown past the tow rather than around the edges 
via pinning. The 4mm spacing between the tow and crack stop is also greater than the plastic zone 
size in 8605, which ensures that the crack stop would have minimal impact on what is occurring 
near the tow.  
2.5 Damage Indication 
Debonding of the fiber matrix interface accompanied crack growth to the crack stop. The 
debonding of transparent epoxy and black carbon fiber cannot be observed in normal optical 
conditions, thus a procedure for indicating the damage in the sample was developed. Fluorescent 
penetrant was injected into the crack and observed using fluorescence microscopy.  Correlations 
were found between the observed cracks and the loading behavior of the samples.  
2.5.1 Experimental Procedure 
For damage indication samples, special care was taken to polish the samples well and to 
ensure transparency, as well as to reduce surface texture that could trap dye and interfere with 
measurements. After polishing, samples were fractured. After the crack had reached the crack stop, 
the test was paused and the samples held open. An excess of Zyglo ZL-60D was injected into the 
open crack to ensure that there is sufficient dye to fill the entire damage volume. The sample was 
held in place (with an open crack) for five minutes to ensure that the penetrant had sufficient time 
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to fill the entirety of the available damage region. Finally, the load was released and the excess 
dye was cleaned away with water (a solvent for the penetrant) and cloth. 
After cleaning, the sample was analyzed in a Leica SP8 confocal fluorescent microscope. 
A 10x air objective was used with a 405 nm illumination source. Fluorescence signal was gathered 
from 475-600 nm. A z-stack was taken from one side of the tow, and a single image created using 
a peak intensity projection. An example of these images is shown in Figure 2.11.  
 
Figure 2.11: Confocal fluorescence projection of debonding along fiber tow. Imaged using 405nm 
excitation of Zyglo ZL-60D fluorescent penetrant.  
2.5.2 Damage Indication Results 
 
The damage was analyzed by finding the maximum length of damage, and again by 
measuring the projected area of the damage. The length was simply the longest distance from end 
to end of the observed damage. Area was measured by drawing around the regions of debonding, 
but ignoring any regions that indicated matrix cracking. The damage length correlated with peak 
load observed during testing. In a typical CT specimen, the peak load correlates with initial crack 
length, but this is not the case for the model composites. This result is a good indication that the 
addition of the tow not only changes the fracture behavior, but also acts deterministically.  
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Figure 2.12: Plots of peak load correlations in model composite testing. Peak load was not found 
to correlate with initial crack length as one would expect from a neat compact tension specimen, 
instead a correlation with the length of debonding damage created was discovered. 
A stronger example of the contribution of debonding to the fracture of the model 
composites is the evaluation of damage area. In classical fracture mechanics, the energy released 
during fracture and the area of newly created crack surface are perfectly correlated. For the model 
composites, it was found that energy released and the area of the created matrix crack (measured 
by Δa, or change in crack length) were not correlated. however, the energy release and area of the 
debonding observed were correlated. This suggests that in the model composite, debonding 
contributes more towards energy release than matrix cracking. 
 
  
Figure 2.13: Correlations of energy release in model composite specimens. The area of debonding 
was found to correlate to the energy release rather than the area of matrix crack growth. 
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2.6 Conclusions  
3 A model composite fracture specimen was developed using an optically transparent, high 
Tg epoxy and an unsized carbon fiber 3k tow. CT samples were constructed using a casting process 
that is far simpler than traditional composite manufacturing methods like resin transfer molding or 
autoclaving – which makes the test feasible for low-cost early evaluations of materials systems. 
The carbon fiber tows successfully debonded from the matrix during fracture testing of the model 
composites. Furthermore, the size of the debonding regions scaled with energy released.  
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CHAPTER 3 
HEALING ASSESSMENT 
 
The goal of creating the model composite was to evaluate the potential for self-healing in 
composites. An accurate model composite test could be used to screen systems for healing 
potential. In this chapter, one candidate healing system is evaluated and used to better understand 
how healing works in this model composite.  
3.1 Self-Healing Materials System 
A high Tg thermoplastic toughened epoxy system was used for healing experiments. A 
healable thermoplastic is blended with a high Tg epoxy and phase separation occurs. Healing is 
achieved by introduction of a solvent that dissolves and redistributes the thermoplastic. 
Sequestration of solvent in microcapsules renders healing autonomous. This system is paired with 
unsized carbon fibers for model composite testing.  
3.1.1 Thermoplastic Toughened Epoxy 
Thermoplastic poly(bisphenol-a-co-epichlorohydrin) (PBAE) Mw ~40,000 purchased from 
Sigma Aldrich (25068-38-6) was blended with bisphenol a diglycidyl ether (DGEBA) epoxy 
system hardened by 4-aminophenylsulfone (DDS). The epoxy resin was purchased as EPON 828 
from Miller-Stephenson and the DDS from Sigma Aldrich (80-08-0). When blended at 20wt% 
thermoplastic, these materials form a co-continuous phase separated material. The phases are a 
thermoplastic rich region with epoxy microspheres and an epoxy rich region containing 
thermoplastic microspheres. This structure can be seen in Figure 3.1.  
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Figure 3.1: SEM micrograph of the phase separation in thermoplastic/epoxy system. 
The chemistry of the components was carefully selected for high glass transition and 
improved toughness. DDS as a hardener for EPON 828 is reported in the technical data sheet to 
create a high Tg epoxy. PBAE was selected as the thermoplastic because of its chemical similarity 
to the epoxy. Because both thermoplastic and epoxy have the same repeat unit, they form strong 
interfaces, which allows the thermoplastic to toughen the epoxy making it harder to fracture. 
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Figure 3.2: Chemical structures for the self-healing system.  
The thermoplastic toughened epoxy of DGEBA:DDS with PBAE has similar stiffness to 
the previously tested 8605 epoxy. The fracture toughness is higher in the phase separated system 
however. The implications of higher fracture toughness are discussed in Appendix B. 
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Table 3.1: Mechanical Properties of thermoplastic toughened epoxy as determined by DMA and 
TDCB experiments 
Mechanical properties of DGEBA:DDS 
+ 20 wt.% PBAE 
E (GPa) 2.9 
K1c (MPa.m^1/2) 0.98 
Tg °C 179 
 
3.1.2 Healing Mechanism 
Healing in this material occurs with the introduction of the solvent ethyl phenylacetate 
(EPA) – used as purchased from Sigma Aldrich (101-97-3). Solvent can dissolve the thermoplastic 
and redistribute it to fill a cracked region. As the solvent evaporates over 6 days at 30°C, solid 
thermoplastic is left behind, completing the healing process.  
When the solvent is sequestered in microcapsules, healing becomes autonomous. Cracks 
forming in the matrix cause microcapsules to rupture and spill their payload. The EPA released 
from the capsules is sufficient to redistribute the thermoplastic and spur healing.  
3.1.3 Carbon Fiber Tow 
For the self-healing studies, Hexcel hextow AS4C unsized 3k carbon fiber tows are used. 
Once again, the unsized tows can be used to reduce interfacial shear strength and promote 
debonding. However, it is also important to promote healing. When epoxy favorable sizing is used, 
a region devoid of thermoplastic tends to form around the carbon fiber [31]. Without thermoplastic, 
there is no mechanism for healing, so interfacial damage cannot be repaired. 
Table 3.2: Mechanical properties of the AS4C carbon fibers as used in the self-healing 
experiments. 
Longitudinal mechanical 
properties of AS4C Carbon Fiber 
E (GPa) 231 
Elongation at Failure 1.8% 
Tensile Strength (MPa) 4,654 
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3.2 Specimen Fabrication  
Model composite specimens were manufactured using a combination of pre-impregnation 
and casting processes. First, thermally stable, triple-shell microcapsules were created to survive 
the harsh curing conditions of the high Tg epoxy. Capsules were distributed into carbon fiber tows 
during pre-impregnation and into the matrix by mixing.  
3.2.1 Microcapsule Fabrication 
The microcapsules used in this study were polyurethane/poly(urea formaldehyde) (PU/UF) 
capsules with polydopamine (PDA) coating as described by Kang et. al. [35]. These capsules have 
been described to have very high thermal stability. Two different size capsules were formed for 
different purposes. All chemicals for capsule manufacturing were purchased from Sigma Aldrich 
unless otherwise specified.  
Capsules with diameters on the order of 100 µm are formed through mechanical agitation 
in water. First, 1g of a polyurethane prepolymer (Desmodur L75 as provided by Covestro) is 
dissolved in 10g EPA. Separately, a solution of 33.33g DI water, 8.33g of a 2.5 wt.% ethyl 
methacrylate (EMA) in water solution, 0.83g urea, 0.083g ammonium chloride, and 0.083g 
resorcinol is prepared and adjusted to pH 3.5 by dropwise addition of 1M NaOH and HCl. The 
two solutions are mixed in a beaker with a propeller stirrer at 400 rpm. After 30 minutes, 2g of 
formaldehyde solution (CAS: 50-00-0) is added and the temperature is ramped to 55°C at a rate of 
1°C/hour. The reactions complete at 55°C for 4 hours. After fully formed, the capsules are filtered 
and cleaned with water before being allowed to air dry. Finally, the capsules are sieved to keep 
only those with diameter between 75 and 250µm.  
The PDA coating is applied by mixing 3g of capsules with 0.66g dopamine hydrochloride 
and 0.66g ammonium persulfate in 36ml in a pH 7 buffer solution (made in bulk by mixing 200g 
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DI water with 27.6 g sodium phosphate monobasic monohydrate, 58.8g sodium citrate dihydrate 
and solid NaOH to adjust the pH to 7). The PDA reaction proceeded for 24 hours at room 
temperature on a vortex mixer at low speed setting. The capsules are filtered and cleaned with 
water again after the PDA process.  
The average diameter of these capsules is ca 100µm with a roughly lognormal size 
distribution. The capsules survive 3 hours at 180°C in TGA with <3% mass loss. This is sufficient 
to survive the thermal processing steps of the self-healing material.  
 
 
 
Figure 3.3: Left- Typical size distribution for large microcapsules. Right- Typical isothermal TGA 
for PDA coated microcapsules. Initial mass loss is partially attributed to evaporation of trapped 
water. Capsules were discarded if TGA testing resulted in less than 97% mass remaining after 3 
hours at 180°C. 
The process for making smaller diameter capsules is similar to that of the large capsules 
and is described by Kim [36]. 1.5g PU prepolymer is used in 10g EPA. The second solution is 60g 
DI water 60g 2.5 wt.% EMA solution 1.8g urea, 0.4g ammonium chloride, and .18g resorcinol. 
No pH adjustment is necessary. The solutions are mixed in a homogenizer for 5 min before being 
transferred to a propeller stirrer at 800 rpm for 15 minutes. Then, 4.8g formaldehyde are added 
and the temperature is ramped to and held at 55°C using the same parameters as the large capsules. 
The PDA coating process is the same as before. The small capsules cannot be filtered for cleaning, 
so a centrifugation process is used in which capsules are centrifuged to the bottom of a tube and 
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the remaining water replaced with clean DI water and repeated. The cleaning is conducted both 
before and after the PDA coating step.  
Capsules manufactured using this method have a lognormal size distribution with 
geometric mean of 2.2µm (geometric standard deviation of 1.5µm). They survive 3 hours 180°C 
TGA with <7% mass loss. Some of the mass loss can be attributed to water trapped in the 
interstitials between the smaller capsules.  
  
Figure 3.4: Left- Typical size distribution for small microcapsules. Right- Typical isothermal 
TGA of small microcapsules showing large initial mass loss attributed to evaporation of trapped 
water.  
3.2.2 Tow Fabrication 
Tows were prepared for insertion into samples using a prepregging processes described by 
Kim [36]. Stoichiometric quantities of DGEBA resin and DDS hardener are mixed with PBEA in 
Methyl Ethyl Ketone (MEK) solvent such that there is a total 20 wt.% solvent. A separate mixture 
of 5 wt.% small capsules in MEK is prepared. The capsule mixture is applied to the tow over a 
sizing drum before applying the resin. The speed of the take-up drum was adjusted to ensure that 
tows did not contact each other and single tows could be separated. MEK was removed by heating 
the tows to 80°C in a vacuum oven for 1 hour. 
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For control samples with no capsules in the tow, an identical prepregging process was used 
except for the capsule sizing step. For capsule-free tows, the fibers were run over a dry sizing drum 
to create similar fiber tension.  
 
Figure 3.5: Confocal fluorescence microscopic image of self-healing tow cross section. Both the 
capsules and thermoplastic toughened epoxy were fluorescently dyed to capture this image, 
mechanical characterization was completed in dye-free samples. Figure created by Sang Yup Kim 
[36]. 
3.2.3 Compact Tension Specimen Fabrication 
As with the 8605 model composite specimens, the self-healing samples were constructed 
using a PDMS molding system. The flat-parallel tow shape was used for all self-healing samples 
and was manufactured by creating slits in the mold to slide the prepreg tows into.  
Bulk material was prepared by mixing PBAE with DGEBA resin at 175°C for 
approximately 4 hours under vacuum conditions. The mixing was deemed complete when there 
was no evidence of phase separation to the naked eye. Once this mixing process is complete, 
temperature is reduced to 140°C and DDS is added. DDS is fully dissolved and mixed under 
vacuum conditions for approximately 15 minutes or until no evidence of white powder is visible. 
The stir bar is then removed, and the specimen degassed for an additional 5 minutes. For self-
healing samples, capsules are added at this stage and mixed in gently with a stir rod. The full 
mixture is then degassed again for roughly 30 seconds (until the initial bubbling subsides).  
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Immediately after the DDS is first added, the PDMS molds containing the prepreg tows 
already in place are added to an oven sitting at 150°C. When the degassing of the thermoplastic 
epoxy blend is complete, it is brought into the oven and poured slowly into the molds. After a 
minimum of 45 minutes, the oven is ramped to 180°C at 1°C/min and held for 1 hour to fully cure 
the epoxy. The samples cooled without opening the oven door at a rate of no more than 1°C/min.  
Once removed from the molds, the samples were ground flat using silicon-carbide paper 
to ensure constant thickness.  
3.2.4 Compact Tension Specimen Types 
A wide variety of sample compositions were used to evaluate healing in the small compact 
tension and model composite specimens. Three categories of samples used to study the self-
healing: control specimens that have no healing agent, reference specimens that have healing agent 
manually delivered to the crack site via syringe and self-healing specimens that have healing agent 
laden microcapsules. The concentration of capsules in the matrix specimens could be varied, but 
the quantity of capsules in the prepreg tows was not changed at any point.  
Small compact tension specimens were created to ensure that the self-healing system 
behaved as expected from literature. Control, reference, and self-healing specimens were created 
for this purpose.  
 
Figure 3.6: Sample types for verifying healing performance in small compact tension specimens. 
The location and theoretical distribution of healing agent is indicated in red.  
For model composite testing, all three classifications of specimen were again created. For 
the model composite self-healing samples, three sub-types were created: matrix, tow, and full. For 
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matrix self-healing samples, large microcapsules were mixed into the bulk matrix material. Tow 
self-healing samples used small microcapsules inside the tow during the prepreg process. The full 
self-healing samples had both large capsules in the matrix and small capsules in the tow.  
 
Control Reference 
Self-healing, 
Matrix 
Self-healing, 
Tow 
Self-Healing, 
Full 
     
Figure 3.7: Model composite sample types. The theoretical location and distribution of healing 
agent is indicated in red. 
3.3 Results and Analysis 
The healed fracture response of the thermoplastic toughened epoxy is non-linear, and thus 
necessitates an energy-based approach. Failure metrics were developed based on sample 
compliance for both compact tension and model composite specimens.  
3.3.1 Methods for Computing Energy Release in Healed Specimens 
Crack propagation in a healed sample does not have a linear stick-slip behavior 
characteristic of virgin samples. Both instead show non-linear deformation during crack growth. 
Because of this non-linear behavior, an integration based energy approach was used to evaluate 
fracture behavior.  
For all the fracture cases, virgin and healed for both compact tension and model 
composites, characteristic points on the load-displacement curve were identified. For virgin 
samples, failure is defined as the bottom of the last load drop (which corresponds to the point 
where the entire crack front reaches the crack stop. A linear elastic assumption was made to 
determine the sample compliance in the virgin failed state, and the failure of a healed specimen 
was defined as the point where the compliance became greater than or equal to that of the virgin 
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failed state. Control tests show that for both compact tension specimens and model composites, 
compliance of the specimen in the virgin failed state and in a reloading without healing are the 
same. This means that any change in compliance from that of the virgin failed state was indicative 
of a change in crack configuration that was attributed to healing. The subsequent increase in 
compliance of the healed specimens was considered the crack returning to the virgin failed state, 
and that state was re-achieved when the compliance returned to the same value.  
 
Figure 3.8: Typical load displacement curves for healing in a reference compact tension (left) 
and reference model composite (right). The compliance definition of failure is indicated by a 
dashed line, and the defined failure points are indicated.  
For both virgin and healed specimens, a linear elastic energy storage was assumed to 
predict the energy still stored in the material when the failed state was reached. This energy was 
subtracted from the integral of the load displacement curve to find the energy released by the crack 
propagation. Healing efficiency was then defined by taking the ratio of energy released by the 
healed crack and energy released by the virgin crack. These calculations are shown in equations 
3.1 and 3.2 and schematically in Figure 3.9. 
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Figure 3.9: Schematic of the area used to calculate energy release in virgin and healed samples. 
The shaded area is the result of integrating until the failure point and using a linear-elastic 
assumption to calculate the stored energy after failure.  
 𝐺 =
∫ 𝑃𝑑𝑢−
1
2
𝑃𝑓𝑢𝑓
Δ𝑎∗𝐵
  (3.1) 
 𝜂 = 𝐺ℎ𝑒𝑎𝑙𝑒𝑑/𝐺𝑣𝑖𝑟𝑔𝑖𝑛 (3.2) 
3.3.2 Healing Without a Tow 
In the compact tension specimen geometry, self-healing performed somewhat worse than 
healing in reference specimens. It was also found that non-linear behavior for both self-healing 
and reference injection healing was quite similar – an indication that capsules provided a good 
distribution of healing agent. For these specimens, good healing performance could be achieved 
by briefly applying low amounts of pressure by hand to push the crack faces together.  
 
 
Figure 3.10: Typical load-displacement curves for reference and 10 wt.% capsule self-healing 
compact tension specimens. The difference in slope and peak load of the virgin samples can be 
attributed mainly to pre-crack length. 
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The healed load-displacement curves for both sample types show similar behavior. Both 
feature an initial linear loading followed by a non-linear unloading. Additionally, failure occurs at 
lower loads and displacements for the healed specimens than for the virgin. The primary difference 
between the reference and self-healing specimen is the degree to which healing occurs – about 
12% less by energy in the self-healing case than the reference case.  
 
Healing efficiency of reference and self-healing 
compact tension specimens 
 
Figure 3.11: Healing and self-healing of a compact tension specimen. Self-Healing was tested 
with 10 wt.% capsules. 
3.3.3 Healing With a Tow 
For reference samples with a tow, healing was achieved by applying moderate pressure by 
hand for ca 1 minute to close the crack faces after injecting the healing agent. Reference healing 
of the model composite was found to be significantly greater than that of the compact tension 
specimen by the measure of energy release. Unlike the compact tension specimens, complete 
failure of the healed model composite required loads and displacements greater than what was 
required in the virgin case. 
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Figure 3.12: Healing of energy release in a model composite as compared to a traditional compact 
tension specimen. 
No mechanism for the improved (and >100%) healing showed by the model composites 
was fully developed. However, full composite specimens as analyzed by Kim [36] were also 
shown to have healing greater than that of matrix tests or simple microbond model composites. 
This suggests that the increased complexity of the tow level model composite is capturing some 
of the composite effects that the simpler microbond specimens cannot. 
3.3.4 Attempts at a Self-Healing Model Composite 
Despite the good healing performance demonstrated in reference testing, self-healing could 
not be achieved for any case in the model composite. Choosing the location of the capsules 
between the tow and matrix had no apparent effect. Additionally, changing the quantity of capsules 
in the matrix (increased quantity to 15wt% to magnify healing agent delivery, or decreased 
quantity to 5wt% to lower virgin fracture toughness) did not induce healing either.  
Other modifications to the healing protocol were also attempted. The time spent with 
pressure applied to the crack was increased from 1 minute to 5 minutes, 30 minutes, 1 hour, and 
even to cover the entire 6-day healing cycle. Additionally, different clamping mechanisms were 
tested including binder clips, metal spring clamps, tightly wound rubber bands (with clamping 
force expected to be similar in magnitude to the fracturing force), and returning the samples to 
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their molds to ensure that they were healed in their exact manufacturing configuration. No amount 
of clamping was shown to create a self-healing response.  
Finally, moderate temperatures (50°C) and vacuum were tested for their effects on self-
healing. Higher temperatures were not tested to avoid approaching the melting temperature of 
PBAE and potentially inducing a thermal healing response. Both elevated temperature and vacuum 
conditions would help to remove excess solvent and ensure that healing could fully complete.  
Despite there being no mechanical evidence for self-healing, optical observation of the 
crack face behind the tow seems to indicate that some healing did occur in that region. The 
coloration of the fracture surface is indicative of redistribution of thermoplastic and subsequent 
plastic deformation. This suggests that load-transfer to the carbon fiber is the primary contributor 
to sample stiffness and that healing does not recover the ability to transfer load in the self-healing 
case.  
3.3.5 Failure of Virgin Samples 
In addition to issues with self-healing in model composites, it was found that virgin testing 
of these carbon fiber systems was inconsistent. The model composite worked as a potential test for 
evaluating healing or even composite behavior when debonding occurred and the crack propagated 
fully to the crack stop. This occurred readily in the test system (8605 epoxy with unsized carbon 
fibers), but in the self-healing system, a majority samples failed (defined by tow failure) during 
virgin testing.  
While it would be theoretically possible to test healing after tow failure, there is minimal 
value in doing so. No mechanism has yet been described for healing carbon fibers, and most of the 
energy released during a test with tow failure is a result of the breaking fibers. Without healing the 
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fibers, the measured healing would be very small and not an accurate representation of the target 
performance for a composite healing system. 
3.4 Conclusions  
Self-healing is not feasible using the high Tg phase separation healing approach and this 
compact tension based model composite. Although superior healing performance has been 
demonstrated using an injection method to deliver solvent to the crack, no evidence has been found 
to show microcapsule based self-healing in the same system. Adjustments to the amount of crack-
closing pressure, healing conditions, and quantity of microcapsules could not create an energetic 
healing response.  
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4 CHAPTER 4 
CONCLUSIONS AND FUTURE WORK 
 
The primary objective of testing the self-healing potential of a high Tg carbon fiber 
reinforced composite via the development of a model composite protocol was not achieved during 
this study. However, it was found that healing efficiency more than 100% could be achieved with 
injection of healing agent into the crack, which agrees with studies of full composite specimens. 
To fully understand the mechanisms that allow for this healing, significant future work is required. 
A detailed examination of the load distribution in various cracked states is the next necessary step.  
4.1 Conclusions 
In the carbon fiber, tow-level model composite used in this study, debonding between the 
fibers and matrix material was the dominant contributor to energy release. This can be seen by 
evaluating the growth of debonding damage and matrix cracking as compared to energy released 
during fracture. Additionally, some evidence of matrix healing can be observed in matrix regions 
of self-healing model composite specimens despite there being no energetic response.  
When healing does occur in the thermoplastic toughened epoxy/carbon fiber model 
composite, the degree of healing is superior to the same healing system in mode I loading and the 
absence of carbon fiber. The average healing response exceeds 100% recovery in the model 
composite – something that does not occur in the neat polymer [5] and is uncommon in self-healing 
literature. However, it does agree with results from testing of the same phase separation healing 
system in fatigue tests of full composites. In these tests, fatigue life and tensile strength after fatigue 
damage exceeded the virgin performance [36]. This improvement could be predicted by model 
composite testing.  
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Finally, the proposed modified compact tension model composite is ineffective as a self-
healing test for this system. There is sufficient evidence of solvent release during self-healing tests 
(beads of solvent form along the edge of the crack) that indicates the capsules are functioning as 
expected. Additionally, evidence of healing in the matrix region behind the tow is present in the 
form of light colored regions that indicate tearing of thermoplastic has occurred [31]. However, no 
recovery of stiffness or stored energy is observed in the load-displacement curves of self-healing 
samples. Despite repeated efforts to spur healing including altering the capsule concentration and 
location, healing conditions and pressure applied to the crack faces, no mechanical evidence of 
healing could be measured. It is believed that the failure of self-healing specimens is due to some 
combination of failure of the solvent to fill the debonding portions of the damage region and that 
larger-scale damage that is more difficult to heal [31].  
4.2  Future Work 
For these modified compact tension specimens to become practical for further use, much 
analysis needs to be completed. The first step would be to do a comprehensive mechanical analysis 
of the behavior of these samples. Experiments like digital image correlation may be useful for 
conducting this analysis, but pairing with computational techniques is recommended. This analysis 
would be useful for beginning to understand exactly how different damages correspond to sample 
compliance. If compliance can be accurately predicted for any crack geometry (matrix crack length 
and debonding size), then the energy release correlating to different crack growths would be better 
understood.  
For any further experimental work, a return to a glass fiber system as first proposed by 
Jones [31] would be required. Glass fibers have a modulus approximately 10x lower than that of 
carbon fibers. This difference in modulus makes it more difficult to fracture the fibers and allows 
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for greater load drops due to debonding. Another advantage of glass fiber is that debonding damage 
is much easier to observe in situ on glass fibers than on carbon fibers. These factors together would 
make for easier experimentation that could allow for some of the important questions about the 
relationships between damage geometry, energy release, and compliance to be evaluated. 
Another interesting question remaining after this study is the cause of the high healing 
performance in the model composite reference testing. Many potential reasons for this 
improvement in healing have been considered, but none have been experimentally or 
computationally verified. First, most healing testing that has been conducted is done in mode I. 
The presence of the tow in the model composite ensures that other loading modes are present in 
this test. Without a better understanding of how fracture mode impacts healing performance, it is 
impossible to confirm or refute the potential that changes in fracture mode could account for 
improved healing performance.  
Healing of interfaces is another potential for the improvement in healing. It was found by 
Jones et. al. [31] that near perfect healing of fiber/matrix interfaces can be achieved. This is a 
significant improvement over most of the healing that has been demonstrated for glassy systems 
in literature. However, the healing observed in that interfacial study peaked at 100%, which means 
in cannot fully explain the >100% healing observed in the model composite reference test.  
A final potential cause of the increase in healing performance is solvent swelling of the 
thermoplastic creating pressure by being constrained between the epoxy and carbon fibers. It is 
possible that swelling of the thermoplastic due to the presence of solvent could create pressure that 
serves to strengthen the interface. This pressure would have to be overcome before the re-initiation 
of damage. To test this hypothesis, a different healing system would have to be used that heals 
without expanding.  
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Finally, any further experimentation with this sample type should be conducted using a 
different self-healing system. Foremost, the opaque samples make any sort of optical analysis of 
the damage and its repair nearly impossible. Additionally, while learning about if and how a 
protocol works, it would be logical to select a healing system that does not have as complicated of 
a preparation process or as long of a healing cycle.  
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A APPENDIX A 
DIGITAL IMAGE CORRELATION 
 
 
 
Digital image correlation (DIC) is an experimental technique for finding the displacements 
on the surface of materials during mechanical testing. It is a promising experimental avenue for 
continuing development of the model composite test. Some preliminary DIC experimentation was 
conducted using both the thermoplastic toughened epoxy and 8605 test system.  
A.1 DIC Background and Experimental Parameters 
DIC tracks speckle patterns on the surface of a material by dividing images into subsets. 
An image is taken to create baseline subsets, then as the material is deformed the subsets are found 
again and correlated back to the reference image. Through this correlation, it is determined how 
far each spot on the surface of the material displaced in both the x and y directions. From the 
created map of displacements strains can easily be calculated.  
For maximum resolution DIC given a particular camera and lens setup, each speckle should 
be roughly 3 pixels in diameter. Larger speckles lose resolution and smaller speckles make it 
difficult for the DIC algorithm to distinguish unique patterns. For these preliminary experiments, 
speckle size was not perfectly optimal, although it was close. The airbrushed speckles were 
sometimes slightly larger than desired, so a subset size of slightly larger than the largest feature 
was used at a loss of approximately 25% of total available resolution. Additionally, in DIC it is 
useful to have subsets overlap so that the displacements at each point can be correlated to multiple 
groups and reduce errors. For these experiments, the subsets were spaced such that for every 1 
subset there were ~10 overlapping it in both the x and y directions.  
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All strain fields were taken at the maximum load before crack propagation. This reduces 
the magnitude of the noise in the displacement calculations relative to the actual displacements 
and gives the best indication of trends in the displacement fields. However, it prohibits the 
magnitude of the displacements or strains to be compared between tests. 
A.2 8605 Epoxy Compact Tension Specimens 
 DIC analysis of a crack in an 8605 compact tension specimen shows the expected trend in 
y-displacement. The displacement is highest above the open crack and gradually decreases in a 
counter-clockwise arc around the crack tip. When the crack is pinned at the tow in the model 
composite, a different displacement field is present. The displacements are relatively constant 
behind the tow, an indication that much of the load is transferred to the tow rather than into the 
matrix material.  
Compact Tension Specimen Model Composite Specimen  
   
Figure A.1: DIC measurements of y-displacements in an 8605 compact tension and model 
composite specimen. 
Attempts were made to find similar differences in the strain fields around the crack front. 
However, no obvious major discrepancies were identified between the strain fields of the model 
composite and the compact tensions specimens. Figure A.2 shows the x-direction strain for both 
sample types. Despite increased noise in the model composite specimen, the strain fields look 
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similar for both sample types. This result is inconsistent with what was found in the displacment 
fields and highlights the need for further experimentation and mechanical analysis of these 
specimens.  
Compact Tension Specimen Model Composite Specimen  
   
Figure A.2: DIC measurements of x-strains in an 8605 compact tension and model composite 
specimen. 
A.3 Toughened Epoxy Compact Tension Specimens 
For the experiments on the toughened epoxy system, the resolution is lower, and some 
estimation is done due to the used of an older model color camera (Basler A631ac). Because of 
the loss of resolution, strains could not be accurately calculated from the displacement fields for 
these samples. Despite this, DIC once again shows y-displacement varying around the crack tip as 
would be expected in the neat material (when there are no carbon fiber effects). However, in this 
material, the highest displacements are found near the crack tip where the carbon fibers are located. 
This shows a clear difference between the compact tension specimens and the model composites, 
but is quite different from the results seen in 8605 as well.  
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Compact Tension Specimen Model Composite Specimen  
  
 
Figure A.3: DIC measurements of y-displacements in a thermoplastic-toughened epoxy compact  
tension and model composite specimen. 
 
A.4 Summary of DIC Experiments 
The results of preliminary DIC experiments give some indication that the carbon fiber tow 
is impacting the distribution of load through the model composite specimen. However, the degree 
of this impact and the form it takes varies from experiment to experiment. With the current set of 
results, it is not possible to draw any further conclusions.  
The recommended next steps for DIC experiments would be to compare actual 
displacements and strains in compact tension specimens and model composites by grinding the 
samples to identical dimensions and comparing the results at identical loading points. This 
experiment would require careful control of the pre-crack length for the most accurate results. 
Another possible step would be to grind the model composite samples such that the tow lies very 
near to the surface of the sample. Any effect the tow has would be exaggerated and easier to 
identify in such a setup. 
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B APPENDIX B 
TOW SURVIVAL STATISTICS 
 
Tow survival during virgin testing was always a probabilistic phenomenon. Tow survival 
with crack propagation to the crack stop was the desirable case, but other crack behaviors were 
observed. In the self-healing material system, the rate of tow survival was ca. 22% across all 
samples manufactured, and was consistently lower in the presences of microcapsules. It is thought 
that better interfacial bonding between the tow and matrix is one of the factors that drives tow 
failure.  
B.1 Three Cases of Crack Behavior 
The desirable case of tow survival involved crack pinning at the tow followed by 
debonding and matrix cracking. Case II occurred when the tow failed energetically after pinning 
occurs and before the matrix crack propagated fully to the crack stop. The third, and rarest, case 
featured the crack getting stopped by the tow, then getting deflected to travel along the tow, 
perpendicular to the targeted crack plane. The large damage size in case III and the failure of the 
tows in case II rendered the samples useless for self-healing studies. Only the debonding case was 
useful for these experiments. 
B.2 Tow Survival Statistics for Toughened Epoxy System  
For the thermoplastic toughened epoxy model composite, only 22% of all samples 
manufactured could be tested for healing due to tow failure and crack deflection. The tow survival 
rate was higher (38%) for reference specimens that contained no microcapsules and therefore had 
lower fracture toughness of the matrix material [5]. Introduction of 10 wt.% capsules 
microcapsules to create self-healing specimens lowered the tow survival rate to 18%. Samples with 
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capsules in the tow had further depressed survival rates with only 8.3% of samples surviving even 
when the rest of the matrix had to capsules. An outlier to the low tow survival rate was the case of 
15 wt.% capsules in the matrix and no capsules in the tow. 22% of these samples survived, but this 
is likely a statistical error as only 9 samples were tested. The 0% survival rates seen for samples 
with capsules in the tow and 5 or 15 wt.% capsules in the matrix are likely similar statistical 
anomalies and would show tow survival to some degree.  
 
Figure B.1: Tow survival rates for virgin tests of thermoplastic toughened epoxy and self-healing 
materials. 
